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SYSTEM FOR REDUCING ALIASING 
ON A DISPLAY DEVICE 

PRIORITY 

This application claims priority from United States provisional patent application serial 
number 60/089,030, filed June 12, 1998, entitled "SYSTEM FOR REDUCING ALIASING ON 
A DISPLAY DEVICE" and bearing attorney docket number 1247/153, the disclosure of which is 
incorporated herein, in its entirety, by reference. 

FIELD OF THE INVENTION 

The invention generally relates to computer graphics processing and, more particularly, 
the invention relates to graphics accelerators having parallel processors. 

BACKGROUND OF THE INVENTION 

Antialiasing techniques were developed to reduce the effects of displaying continuous 
images on a display device having discrete pixels. Some antialiasing techniques divide a pixel 
into many subpixels and store pixel attribute information for each subpixel {e,g,, U.S. Patent No. 
5,484,939 to Foran et al.). Such attribute information typically includes color and depth data. 
Storing such information, however, significantly multiplies hardware storage requirements, thus 
increasing the cost of implementing such techniques. 

SUMMARY OF THE INVENTION 

In accordance with one aspect of the invention, an apparatus and method of displaying a 
first image on a display device with a plurality of pixels assigns one of a plurality of sample 
patterns to each pixel on the display device. Each pixel is assigned the one of a plurality of 
patterns based upon its unique location on the display device. Each sample pattern has at least 
one sample location. It then is determined if the first image intersects any of the sample locations 
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on each pixel. Pixels determined to have at least one sample location that intersect the first 
image thus are illuminated. 

In preferred embodiments, the first image is defined by first image attribute data and first 
image depth data. The first image depth data defines the depth plane of the first image. A given 
pixel thus is illuminated by determining, on the given pixel, if a second image intersects at least 
one sample location that is intersected by the first image. The second image also includes second 
image depth data defining the depth plane of the second image. At least the first image attribute 
data is utilized to illuminate the given pixel if the first image depth data indicates that the first 
image is at a higher depth plane than the depth plane of the second image for at least one of the 
intersected sample locations. 

In a manner similar to the first image, the second image includes second image attribute 
data. At least the second image attribute data also is utilized to illuminate the given pixel if the 
second image depth data indicates that the second image is at a higher depth plane than the depth 
plane of the first image for at least one of the intersected sample locations. A weighted average 
of the first image attribute data and second image attribute data may be utilized to illuminate the 
given pixel when each has a higher depth plane for at least one of the sample locations of the 
given pixel. Attribute data may include color data. 

The sample patterns may include a first and second sample pattern that have sample 
locations in different locations of different pixels. Each sample pattem preferably is stored in a 
look-up table. The look-up table may be accessed to locate the sample pattem for a selected 
pixel based upon the unique location of such pixel on the display device. In preferred 
embodiments, a random number is assigned to each pixel based upon its unique location on the 
display device. The random number thus may be utilized for a given pixel as an index to the 
look-up table to retrieve the sample pattem for such given pixel. 

In accordance with another aspect of the invention, a method of illuminating a pixel on a 
display device detects one or more images that intersect the pixel. A data slot is generated for 
each image that intersects the pixel. Each data slot includes attribute data and depth data for its 
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image on the pixel. A weighted pixel attribute average for the attribute data of all slots is 
calculated each time a new slot is generated. The weighted average is used to illuminate the 
pixel each time the weighted average is calculated. 

In accord with yet another aspect of the invention, an apparatus and method of storing 
pixel data for illuminating a pixel on a display device samples the pixel to produce a first number 
of samples. A given portion of pixel memory also is allocated for storing pixel data. In preferred 
embodiments, the pixel data is stored in data slots in the pixel memory. The pixel data in each 
data slot represents the intersection of one image with the samples, where the storage of pixel 
data in each data slot is based upon the total number of samples. It is determined if the given 
portion of pixel memory is filled. The first number of samples consequently is reduced if it is 
determined that the given portion of pixel memory is filled. At least a portion of the given 
portion of pixel memory becomes available as a result of the first number of pixels being 
reduced. 

In some embodiments, the given portion of pixel memory is non-contiguous. The given 
portion of pixel memory may be preconfigured to include a given number of data slots with no 
pixel data. The given portion of pixel memory may be determined to be filled when pixel data is 
stored in all of the given number of data slots. It thus may be determined that a given image 
intersects with at least one of the samples. A data slot with no data in the given portion of pixel 
memory may be located if the given image is determined to intersect at least one of the samples. 
Pixel data relating to the given image in the located data slot then is stored. 

One or more data slots in the pixel memory may be made available for storing pixel data 
as a result of the first number of samples being reduced. No pixel data for a given image is 
stored in a data slot when no samples intersect the given image. In preferred embodiments, each 
data slot includes a coverage mask identifying a set of samples that intersects the image. The 
coverage mask may include a single bit representing each of the samples. The pixel data 
representing the intersection of one image with the samples may include data identifying the total 
number of samples that are intersected. The total number of samples that are intersected may 
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range from no samples to the first number of samples. 

In accordance with another aspect of the invention, an apparatus and method of storing 
pixel data for illuminating a given pixel on a display device (having a plurality of pixels) samples 
the given pixel to produce a first number of samples. At least one of the samples are intersected 
by a given image. A given portion of pixel memory also is allocated for storing pixel data for any 
image that intersects any of the plurality of pixels on the display device. If it is determined that 
the given portion of pixel memory is filled with pixel data, then the first number of samples is 
reduced, which causes at least a portion of the given portion of pixel memory to become 
available. Pixel data relating to the given pixel then is stored in the given portion of the pixel 
memory. 

In accordance with another aspect of the invention, a pixel data storage apparatus stores 
pixel data representing the intersection of a given image with a given pixel (having one or more 
sample locations) on a display device. To that end, the pixel data storage apparatus includes a 
coverage mask that stores intersection information relating to the sample locations intersected by 
the given image, an attribute data field that stores attribute data for the given image, and a pointer 
that points to one of a terminator value and another pixel data storage apparatus. 

In some embodiments, the terminator value is a null value, and/or the attribute data may 
be either or both depth data relating to the depth of the given image, and attribute data relating to 
the color of the given image. Each sample location also preferably includes an associated bit in 
the coverage mask. The apparatus also may include a sample reduction field for storing data 
indicating that the total number of sample locations is less than a maximum number of samples. 

In accordance with still other aspects of the invention, the graphics processor utilizes 
jittered subsample locations. To that end, the graphics processor includes a system bus interface 
that receives polygon data from a central processing unit. The polygon data may include vertex 
data that defines a selected polygon. The graphics processor further includes a subpixel sample 
location generator for generating a plurality of sets of subpixel sample locations. Each set of 
subpixel sample locations is associated with one of the pixels and has values that are dependent 
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upon the location of the associated pixel. The graphics processor further includes a rasterizer 
that receives the polygon data and determines, by accessing the memory, which of the subpixel 
sample locations on each pixel are covered by the selected polygon. The subpixel sample 
location generator may define a plurality of subpixel regions on each pixel, wherein each 
subpixel region in a selected pixel includes one of the subpixel sample locations in one set of 
subpixel sample locations. The rasterizer also may have a pixel value determiner that determines 
the color value of each pixel on the display device. 

In further aspects of the invention, the pixels having sample locations that are covered by 
the selected polygon are included in a set of pixels. The rasterizer determines pixel attributes of 
each pixel in the set of pixels based upon the number of covered sample locations within each 
pixel. The attributes may include color, transparency, depth, coordinate, and intensity 
information. In preferred embodiments, the subpixel sample location generator includes a look- 
up table. 

In other embodiments of the invention, the sets of subpixel sample locations are identical 
for selected pixels on the display device. The sets of subpixel sample locations may be different 
for selected of pixels on the display device. In one embodiment, the rasterizer rasterizes pixels 
having different sets of subpixel sample locations. The rasterizer also may process first and 
second pixels having different sets of subpixel sample locations. 

Some embodiments of the invention are implemented as a computer program product 
having a computer usable medium with computer readable program code thereon. The computer 
readable code may be read and utilized by the computer system in accordance with conventional 
processes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other objects and advantages of the invention will be appreciated more 
fully from the following further description thereof with reference to the accompanying drawings 
wherein: 



y 
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Figure 1 schematically shows the system architecture of an exemplary computer system 
on which preferred embodiments of the invention may be implemented. 

Figure 2A schematically shows a graphics accelerator having a plurality of parallel 
graphical data processing units configured in accordance with preferred embodiments of the 
invention. 

Figure 2B shows an exemplary graphics accelerator card. 

Figure 3 shows an exemplary pixel that is intersected by one given triangle. 

Figure 4 schematically shows a preferred antialiasing pipeline that may be utilized to 
produce antialiased graphical output for each pixel in the display device. 

Figure 5 schematically shows a preferred embodiment of a data slot pair that may be 
utilized to store data relating to a triangle intersecting a given pixel. 

Figure 6A shows first pixel and second pixels that having no slot pairs from a free 
memory list. 

Figure 6B shows an instance in which the first pixel in figure 6A includes first and 
second slot pairs in the free memory list. 

Figure 6C shows another instance in which the first pixel of figure 6 A includes the first 
slot pair in the free list, and the second pixel of figure 6A includes the second slot pair in the free 
list. 

Figure 7 shows a preferred process of adding data for a given pixel to a data slot on the 
free list. 

Figure 8 shows a preferred method of illuminating pixels utilizing a double buffered 
frame buffer. 

Figure 9 shows a preferred process of illuminating a given pixel that may be intersected 
by a given triangle. 

Figure 10 shows a preferred process of adjusting the coverage mask in a given data slot as 
such slot is filled with data for a given pixel. 

Figure 1 1 shows a preferred process of initiating the back-off function for a given pixel. 
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Figure 12 shows a preferred process of executing the back-off function. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

Preferred embodiments of the invention efficiently produce antialiased output for display 
5 on a pixel based display device. Figure 1 illustrates a system architecture for an exemplary 

computer system 100, such as an Intergraph EXTREME-Zti^ graphics workstation (distributed 
by Intergraph Corporation of Huntsville, Alabama), on which the disclosed method and apparatus 
for producing antialiased graphical output may be implemented. The exemplary computer 
system of Figure 1 is discussed for descriptive purposes only, however, and should not be 
O considered a limitation of the invention. Although the description below may refer to terms 
UJ commonly used in describing particular computer systems, the described concepts apply equally 

FT: i 

^ y to other computer systems, including systems having architectures that are dissimilar to that 
in shown in Figure 1 . 

SJ The computer 100 includes a central processing unit (CPU) 105 having a conventional 

microprocessor, random access memory (RAM) 1 10 for temporary storage of information, and 
5"^ read only memory (ROM) 1 15 for permanent storage of read only information. A memory 
Q controller 100 is provided for controlling system RAM 1 10. A bus controller 125 is provided for 
'% controlling a bus 130, and an interrupt controller 135 is provided for receiving and processing 

various interrupt signals from the other system components. 
20 Mass storage may be provided by known non-volatile storage media, such as a diskette 

142, a digital versatile disk (not shown), a CD-ROM 147, or a hard disk 152. Data and software 
may be exchanged with the computer system 100 via removable media, such as the diskette 142 
and the CD-ROM 147. The diskette 142 is insertable into a diskette drive 141, which utiHzes a 
diskette drive controller 140 to interface with the bus 130. Similarly, the CD-ROM 147 is 
25 insertable into a CD-ROM drive 146, which utilizes a CD-ROM drive controller 145 to interface 
with the bus 130. Finally, the hard disk 152 is part of a fixed disk drive 151, which utilizes a 
hard drive controller 150 to interface with the bus 130. 
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User input to the computer 100 may be provided by a number of devices. For example, a 
keyboard 156 and a mouse 157 may be connected to the bus 130 by a keyboard and mouse 
controller 155. An audio transducer 196, which may act as both a microphone and a speaker, is 
connected to the bus 130 by audio controller 197. It should be obvious to those reasonably 
skilled in the art that other input devices, such as a pen and/or tablet and a microphone for voice 
input, may be connected to computer 100 through bus 130 and an appropriate controller. A 
direct memory access (DMA) controller 160 is provided for performing direct memory access to 
system RAM 1 10. A visual display may be generated by a graphics accelerator 200 (discussed in 
detail below) that controls the display device 170 in accord with the OPENGL™ standard. The 
display device 170 preferably is a conventional horizontal scan cathode ray tube ("CRT") 
monitor having a plurality of pixels. The pixels are arranged in a two-dimensional X-Y grid and 
are selectively lit, as directed by the graphics accelerator 200, for displaying an image. The 
display device 170 may be, for example, an IBM G72 General Series Monitor, distributed by 
International Business Machines Corporation of Armonk, New York. 

A network adapter 190 also may be included that enables the computer system 100 to 
connect to a network 195 via a network bus 191. The network 195, which may be a local area 
network (LAN), a wide area network (WAN), or the Internet, may utilize general purpose 
communication lines that interconnect a plurality of network devices. 

The computer system 100 preferably is controlled and coordinated by operating system 
software, such as the WINDOWS NT® operating system (available from Microsoft Corp., of 
Redmond, Washington). Among other computer system control functions, the operating system 
controls allocation of system resources and performs tasks such as process scheduling, memory 
management, networking, and I/O services. 

Figure 2A schematically shows the graphics accelerator 200 configured in accordance 
with preferred embodiments of the invention. The exemplary graphics accelerator 200 in figure 
2A has two geometry accelerators (described below) and two post geometry accelerator 
processors (/.e., two rasterizer/gradient unit pairs, discussed below, referred to herein as "attribute 
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processors 314"). Of course, because two of each type of processor are discussed for simplicity, 
it should be apparent to those skilled in the art that additional or fewer processors may be 
utilized. As noted above, the graphics accelerator 200 preferably includes a plurality of parallel 
processing units that divide the graphics processing in an efficient manner among processors. 

The graphics accelerator 200 preferably includes a bus interface 202 for interfacing with 
the system bus 130, direct burst memory 204 for temporarily storing graphics request streams 
received from the host processor 105, and the plurality of processing units for processing the 
graphics request stream. In preferred embodiments, the direct burst memory 204 is in the form of 
"write combining memory", commonly defined and utilized by Intel microprocessors (e.g,, 
PENTIUM IF^ central processing units), available from Intel Corporation of Santa Clara, 
California. Such memory 204 preferably is configured to receive graphics request stream data in 
bursts directly from the CPU. See, for example, copending provisional U.S. patent application, 
having serial number 60/091,401 entitled "Method and System for Transporting Information to a 
Graphic Accelerator Card", for more details on the use of direct burst memory 204, the 
disclosure of which is incorporated herein, in its entirety, by reference. 

The plurality of processing units preferably processes three dimensional C'3D") graphical 
images as a plurality of individual triangles defined in 3D space. As known in the art, this 
method of processing 3D graphical images is known as "tessellation." The plurality of processing 
units receives incoming triangle vertex data and, based upon such vertex data, ultimately draws 
each triangle on the display device 170. The incoming vertex data for a given vertex preferably 
includes the X, Y, and Z coordinate data for the given vertex (identifying the location of the 
vertex in 3D space), and three directional vector components ("normal vectors") that are 
perpendicular to the surface of the triangle at that given vertex. 

Accordingly, the plurality of processors preferably includes a plurality of parallel 
geometry accelerators 208 that each receive the incoming triangle vertex data from the bus 
interface 202 and, based upon such incoming data, calculate attribute data (e.g., color data, depth 
data, transparency data, intensity data, coordinates of the vertices on the display device 170, etc . 



1247/A23-89449 
June 10, 1999 



-11- 



. .) for each of the vertices in the triangle. In preferred embodiments, the state of each geometry 
accelerator 208 is preconfigured with previously received state data from the host. When in a 
given state, a given geometry accelerator processes the incoming data to produce the vertex 
attributes in accord with the preconfigured state. For example, mathematical models of various 
images (e.g,, a golf ball) and light sources may be stored within memory of the geometry 
accelerators 208. Such models may be retrieved and utilized to produce the vertex attribute data 
upon receipt of state data setting the state of the geometry accelerators 208. The state of a given 
geometry accelerator 208 may be changed upon receipt of new state data that correspondingly 
changes the state of the given geometry accelerator 208. 

Once calculated by the geometry accelerators 208, the vertex attribute data is transmitted 
to the attribute processors 314 (discussed above). More particularly, the vertex attribute data is 
forwarded to a plurality of parallel gradient producing units 210 that each calculate gradient data 
for one of the triangles. In general terms, gradient data indicates the rate of change of attributes 
for each pixel in a triangle as a function of the location of each pixel in the triangle. In preferred 
embodiments, the gradient data is in the form of mathematical derivatives. The gradient data and 
attribute data then are broadcasted, via an accelerator bus 212, to a plurality of parallel rasterizers 
214. Each rasterizer 214 calculates pixel attribute data for select pixels within a triangle based 
upon the vertex attribute data and the gradient data. A plurality of resolvers 216 then stores the 
resultant attribute data for each pixel in one of a plurality of double buffered frame buffers 218. 
A texture buffer 220 also may be included for performing texture operations. 

As suggested above, preferred embodiments of the invention include eight each of the 
geometry accelerators 208, gradient producing units 210, rasterizers 214, and frame buffers 218. 
Each of these elements preferably is coupled to a circuit board to form a single graphics card 
(Le,, graphics accelerator 200). Figure 2B shows an exemplary graphics accelerator card having 
one interface 202, four geometry accelerators 208, and eight attribute processors 314. In 
preferred embodiments, the interface 202 and four geometry accelerators 208 are coupled to a 
first card 260, four attribute processors 314 are coupled to a second card 262, and four additional 
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attribute processors 314 are coupled to a third card 264. Each of the first, second, and third cards 
260, 262, and 264 plug into extension slots on a parent motherboard card 266 to form the 
graphics accelerator 200. 

Alternative embodiments utilize different numbers of each of the elements. Among other 
5 methods, the various elements communicate via a peer-to-peer token passing configuration, the 
accelerator bus 212, and a video data bus. In preferred embodiments, each attribute processor 
314 produces pixel attribute data for a set of pixels of the display device 170. None of the sets of 
pixels, however, has a pixel that is within another one of the sets of pixels. 

Each frame buffer 218 preferably is a double-buffered sixty-four megabyte frame buffer 
Hffl 218 having a back buffer and a front buffer. Accordingly, the contents of the front buffer is 
yj displayed by the display device 170 while the resolver 216 is writing to the back buffer. 
• f| Conventional buffer swaps enable the contents of the back buffer to be displayed. To effectuate 
flj this, each rasterizer 214 (with its associated resolvers 216 and frame buffers 218) includes an 
associated back end unit 234 for removing frame buffer information and displaying it on the 
display device 170. In preferred embodiments, each attribute processor 314 includes its own 
r; dedicated back end unit 234. 

O Additional details of the operation of the graphics accelerator 200 discussed above are 

j3 disclosed in copending provisional U.S. patent application, serial number 60/093,247 entitled, 

"MULTI-PROCESSOR GRAPHICS ACCELERATOR", filed on July 17, 1998, assigned to 
20 Intergraph Corporation, and bearing attorney docket number 1247/133, the disclosure of which is 

incorporated herein, in its entirety, by reference. 

In accordance with preferred embodiments of the invention, each attribute processor 314 

is preconfigured to produce antialiased graphical output for display by the display device 170. 

To that end, each pixel on the display device 170 is sampled (in memory) in sixteen different 
25 locations. As discussed in greater detail below, based upon its location on the display device 

170, each pixel is assigned a unique pattern of sample locations 302 (a/k/a "samples") that are 

utilized to determine the intersection of each pixel and one or more images (e.g., a triangle). In 
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preferred embodiments, an image is considered to intersect a given pixel based upon the total 
number of sample locations that such image intersects. For example, a given triangle that 
intersects four of sixteen sample locations on a given pixel is considered to cover twenty-five 
percent of such pixel. The attribute processor 314 thus illuminates a given pixel based upon a 
weighted average of the coverage of all the images intersecting the given pixel. Details of these 
and related processes are discussed below. 

Figure 3 shows an exemplary pixel 300 that is intersected by one given triangle. In 
accord with preferred embodiments, the pixel 300 includes sixteen sample locations 302 that are 
identified in blocks one to sixteen. Each sample location 302 thus is utilized to determine the 
attributes of the single pixel 300 by determining the total number of sample locations 302 within 
the area of the given triangle. In the example shown, the given triangle includes three sample 
locations 302. Due to the random nature of the sample locations 302, merely occupying most of 
the area of a given block in the pixel 300 does not necessarily suggest that the sample location 
302 within such block is within the given triangle. Specifically, the given triangle encompasses a 
small portion of block seven and yet, includes the sample location 302 in that block. Conversely, 
the given triangle encompasses most of block eight and still does not include the sample location 
302 in that block. 

Each pixel is assigned a sample pattern based upon its unique location on the display 
device 170. For example, on a conventional display device 170 arranged in rows and columns, 
each pixel is assigned a sample pattern based upon its row and column number (a/k/a its "X"and 
"Y" values). Each sample pattern preferably locates a preselected number of sample locations 
302 in preselected locations on a given pixel. In preferred embodiments, a maximum of sixteen 
sample locations 302 are utilized. In other embodiments, instead of using sixteen sample 
locations 302, the sample pattern can have eight, four, or two sample locations 302. No two 
contiguous pixels preferably have the same sample pattern. In some embodiments, each pixel on 
the display device 170 can have a different sample pattern. It should be noted that although 
two, four, eight, and sixteen sample locations are disclosed, any number of sample locations may 
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be utilized. 

Figure 4 schematically shows a preferred antialiasing pipeline 400 that may be utilized to 
produce antialiased graphical output for each pixel on the display device 170. Each of the 
elements of the pipeline 400 preferably is a part of an application specific integrated circuit 
("ASIC") that is preconfigured to perform a specified function. More particularly, the pipeline 
400 preferably includes a random number generator 402 that receives the "X" and "Y" 
coordinates of a given pixel as input, and generates a random number based upon the received 
coordinates. Preferred embodiments generate the random number based upon well known 
stochastic processes. For example, preferred embodiments utilize the well known Perlin Noise 
function, or the well known Poisson Disc Distribution to effectuate stochastic sampling. 

The pipeline 400 further includes a pattern look-up table memory 404 for storing a 
plurality of random sample patterns. The table memory 404 may be any type of memory, 
including conventional random access memory, such as SRAM (static random access memory ) 
or DRAM (dynamic random access memory). The table memory 404 receives the random 
number as an index to an internal look-up table having each of the plurality of sample patterns. 
Upon retrieving a sample pattern from the internal look-up table, the table memory 404 forwards 
such sample pattern to an edge iterator 406. 

The edge iterator 406 determines if the area of each triangle intersecting the given pixel 
intersects any of the sample locations 302 in the sample pattern received from the table memory 
404. To that end, conventional rasterization processes may be utilized to determine which 
triangle edge(s) intersect the given pixel. In preferred embodiments, for those edges that do not 
intersect the origin of the given pixel, only twelve of the sixteen sample locations 302 are 
analyzed. Once all three edges of a triangle are analyzed, their results are combined (e.g., via a 
logical "AND" operation) to determine which sample locations 302 intersect the given triangle. 

In preferred embodiments, a coverage mask 506 (see figure 5) is utilized to store data 
identifying the sample locations 302 that are intersected by an image. A preferred coverage mask 
506 comprises sixteen bits that each represent one sample location of a pixel. Accordingly, the 
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coverage mask 506 for the triangle in figure 3 has bits set (to "1") for blocks three, four, and 
seven. Conversely, the remaining bits in such coverage mask 506 are not set. The location of 
each bit in the coverage mask 506 preferably corresponds to the number of the block. The 
coverage mask 506 for the triangle of figure 3 thus is as follows: 

0000000001001100 

(Coverage mask 506 for triangle of figure 3) 

The pipeline 400 thus includes a mask module 408 that generates the coverage mask 506 
for each image intersecting the given pixel. The mask module 408 also preferably stores the 
coverage mask 506 within a data slot (discussed below) that includes additional data relating to 
the triangle. For example, such data may include depth, color, and transparency data. The mask 
module 408 then forwards the slot data to a pixel buffer 410 that is utilized by other modules of 
the attribute processor 314 to illuminate the given pixel. 

In preferred embodiments, data slots are allocated (Le., generated) in pairs. In other 
embodiments, slots are not allocated in pairs. Figure 5 schematically shows a preferred 
embodiment of a data slot pair 500 that may be utilized to store data relating to a triangle 
intersecting a given pixel. Specifically, the slot pair 500 includes a first slot 500A for storing 
data relating to a first triangle intersecting the given pixel, and a second slot 500B for storing 
data relating to a second triangle intersecting the given pixel. The slot pair 500 includes fields 
for storing attribute data for each of the first and second triangles, and slot management fields for 
managing slot pairs 500 in memory. Each field is allocated a predetermined number of bits that 
are utilized to specify the data. 

The attribute data fields are identical in each slot of the slot pair 500. More particularly, 
each slot includes: 

• a sixteen bit coverage mask field 506A (described above) to identify covered 
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sample locations 302; 

a thirty-two bit Zc field 508 ("Z-center" field) to identify the depth value at the 
center of the pixel for the triangle of interest {Le., the triangle having data in such 
slot); 

• a thirty-two bit field 510 for the gradient (/.e., rate of change) of Z (depth) in the 
X-direction for the triangle of interest; 

• a thirty-two bit field 512 for the gradient of Z in the Y-direction for the triangle of 
interest; 

• a twenty-four bit color field 514 for the color of the triangle of interest (eight bits 
for each of blue, green, and red); 

• an eight bit alpha field 516 for transparency (/.e., referred to as an "alpha" value) 
of the triangle of interest; and 

• a three bit Z-error field 518 (one bit for each of the X, Y, and Z directions) 
showing the distance from the center point of the pixel to the triangle of interest. 
This field is included for situations in which the actual value of gradient or Z- 
center data is too large to store in a thirty-two bit data location. 

As noted above, the two slots in the slot pair 500 also share various slot management 
fields. Many of these fields are discussed in greater detail with reference to figures 6A-6C, each 
of which show the storage of slot pairs 500 in pixel memory (a/k/a pixel buffer 410). Among the 
slot management fields, the slot pair 500 includes a one bit pointer valid field 520 that indicates 
if the slot pair 500 is pointing to another slot field, a two bit row field 522 that, when combined 
with a thirteen bit row field 524, identifies the row address in memory of another slot pair 500 to 
which the slot pair 500 is pointing. The slot management fields also include a five bit pointer 
index field 126 that identifies the specific offset location within the page in memory to which the 
slot pair 500 is pointing, and a two bit back-off field 528 that identifies whether a memory 
conservation state has been implemented. Details of the back-off field 528 and its related 
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processes are discussed below with reference to figures 1 1 and 12. 

In preferred embodiments of the invention, slot pairs 500 are formed prior to their use. In 
particular, each slot may be generated upon start-up of the computer system. Image/pixel data 
may be stored in slots by retrieving an empty slot from memory, and adding attribute and slot 
5 management data to the appropriate fields. Slots preferably are stored in either in a fixed 

memory 600, or in a free memory list 602. To that end, each pixel preferably has an associated 
slot pair 500 in fixed memory 600, and may retrieve additional slot pairs 500, if available, from 
the free memory list 602 as necessary. Figures 6 A, 6B, and 6C show exemplary slot pairs 500 
arranged in this manner. Specifically, figures 6A-6C show fixed memory 600 for a first pixel 
W 604 and a second pixel 606, and the free memory list 602. The free memory list 602 includes N 
yj slot pairs 500 arranged in a linked list. As shown in such figures, a Top of Free List pointer ("top 
Iq pointer 610") points to the first slot pair 500, which itself points to the second slot pair 500, 
Hi which points to a third slot pair 500, etc . . . to the Nth slot pair 500. The Nth slot pair 500, 
SI which is the last slot pair 500 in the free memory list 602, points to a null value 612 in memory 
g (/.e., it has a null pointer), thus identifying it as the last slot pair 500 in the free memory list 602. 
^ The fixed slot pair 500 of each pixel either points to the null value 612 (indicating that no 

O free list slot pairs are associated with its pixel), or to a slot pair 500 in the free memory list 602 
that includes data for such pixel. For example, figure 6A shows the first and second pixels 604 
and 606 as having no slot pairs 500 from the free memory list. Accordingly, the respective fixed 
20 memory slot pairs 500 each point to the null value 612. In contrast, figure 6B shows an instance 
in which the first pixel 604 includes first and second slot pairs 500 in the free memory list. To 
that end, the slot pair 500 of the first pixel fixed memory 600 is set to point to the first free list 
slot pair 500, and the second free list slot pair 500 is set to point to the null value 612. The top 
pointer 610 thus is set to point to the top of the free memory list 602 (Le., the first available slot 
25 pair 500 that can be utilized to include pixel data), which in this instance is the third slot pair 
500. For completeness, it should be noted that the fixed memory slot pair 500 of the second 
pixel 606 points to the null value 612 because it includes no slot pairs 500 from the free memory 
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list 602. 

Figure 6C shows another instance in which the first pixel 604 includes the first slot pair 
500 in the free memory list 602, and the second pixel 606 includes the second slot pair 500 in the 
free memory list 602. The pointers of each of the pixels and the slots in the free memory list 602 
5 thus are set as shown in the figure. Figure 7 shows a preferred process of adding data for a given 
pixel to a data slot on the free memory list 602. For example, such a process may be used when 
the fixed memory data slots may be filled, thus requiring additional data slots from the free 
memory list 602. The process begins at step 700 in which the top slot pair 500 in the free 
memory list 602 is located. To that end, the top pointer 610 is examined to determine to which 

1§ slot pair 500 it is pointing. If, instead of pointing to a slot pair 500, the top pointer 610 points to 

Ly the null value 612, then no slot pairs 500 are available. A back-off operation then may be 

performed to free filled slot pairs 500 (discussed below with reference to figures 1 1 and 12) . 

JtJ The process then continues to step 702 in which attribute data is added to one of the data 

SJ slots of the located slot pair 500. As noted above, the attribute data can include depth data, 

stencil data, color data, and a coverage mask 506, Once the attribute data is added, the located 
slot pair pointer fields are set to point to the null value 612 (step 704), and the top pointer 610 is 

0 set to point to the next slot pair 500 in the list (step 706). If the located slot pair 500 is the last 
slot pair 500 in the free memory list 602, then the top pointer 610 (in step 706) is set to point to 
the null value 612. The top pointer 610 may be set by examining the pointing fields {e.g., row 

20 fields 522 and 524) of the located slot pair 500 prior to its pointer fields being changed. Since 
such slot pair 500 points to the next available slot pair 500 in the free memory list 602 at such 
time, the top pointer 610 may copy such address to point to such next slot pair 500. In this 
manner, such next slot pair 500 effectively becomes the slot pair 500 at the top of the free 
memory list 602. The process thus continues to step 708 in which the pointer in the given pixel's 

25 fixed slot pair 500 is set to point to the located slot pair 500. It should be noted that each of the 
steps in this process may be executed in any order, or substantially simultaneously. 

As noted above, the various pointers are set by modifying the various slot management 
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fields in each slot pair 500. For example, with reference to the fixed slot pair 500 noted above 
when discussing figure 7, its pointer valid field 520 is set to "1", thus indicating that it is pointing 
to another slot pair 500 (Le., the slot pair 500 in the free memory list 602). To identify such slot 
pair 500 in the free memory list 602, the two bit row field 522 is combined with the thirteen bit 
row field 524 to identify the address of the slot pair 500 in free memory. In addition, the five bit 
index field 126 is set to identify the row in memory of the free list slot pair 500. 

In preferred embodiments of the invention, pixels are illuminated on a frame-by-frame 
basis. Accordingly, one frame is displayed in the front buffer of the frame buffer 218, while 
another frame is being written to the back buffer. Figure 8 shows a preferred method of 
illuminating pixels utilizing the double buffered frame buffer 218. The process begins at step 
800 in which pixel data for a first frame is written to the back buffer. This step includes 
retrieving all data slots for each pixel, processing data within such slots, and then storing such 
processed pixel data in the back buffer. Additional details of this process are discussed below 
with reference to figure 9. 

Once the entire first frame is written to the back buffer, a conventional buffer swap is 
executed in which the data in the back buffer effectively is "moved" to the front buffer (step 
802). At a subsequent time (e.g., when data for a second frame is completely written to the back 
buffer), the first frame data in the front buffer is swapped again to the back buffer (step 804). 
Once in the back buffer, all data in the back buffer is cleared by executing a clear operation. This 
causes the data in all first frame data in the slots utilized by such frame to be erased, thus freeing 
such data slots. When cleared, pointers are reinitialized as necessary. It then is determined at 
step 808 if additional frames are to be generated. The process repeats if additional frames are to 
be generated. Conversely, the process ends if no additional frames are to be generated. 

Figure 9 shows a preferred process of illuminating a given pixel that may be intersected 
by a given triangle. As noted above, the given triangle may be a part of a larger image that is 
within a frame to be displayed by the display device 170. This process is executed for each pixel 
prior to and/or while writing pixel data to the back buffer {i.e,, in step 800 above). The process 
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begins at step 900 in which it is determined if the given triangle intersects the given pixel. If 
there is an intersection, then the process continues to step 902 in which the sample pattern for the 
given pixel is set. To that end, as noted above, the coordinates of the given pixel are utilized as 
input into the random number generator 402 (figure 4) to produce a random number. The 
resultant random number then is used as input into the pattern look-up table memory 404 to 
locate the specific sample pattern for the given pixel. 

The process then continues to step 904 in which the coverage mask 506 is generated by 
the edge iterator 406 and the mask module 408 (discussed above). The generated coverage mask 
506 and given triangle attribute data (e.g., color, depth, and alpha data) then are added to a slot 
that is retrieved from either the fixed memory 600 or the free memory list 602 (step 906). Of 
course, the pointers each are re-set if the slot is retrieved from the free memory. Moreover, the 
coverage mask 506 may be adjusted (figure 10) based upon the Z-center value of the given 
triangle. 

Once the slot is filled with data relating to the given triangle, then the given pixel is 
illuminated based upon a weighted average of all data slots utilized by the given pixel for the 
frame being generated (step 908). Such weighted average is generated based upon the coverage 
mask 506 for each intersecting triangle. More particularly, the color and transparency data for 
the given slot is given a weight based upon the total number of bits that are set in the coverage 
mask 506. Accordingly, the colors of the given triangle should be more of a contributor to pixel 
color as more bits of its coverage mask 506 are set. After the contribution of each triangle 
intersecting the given pixel is determined (Le,, after all slots associated with the given pixel are 
processed), then such contributions are combined to produce the resultant pixel color. 

In preferred embodiments, the first fixed slot of any given pixel often is first used for a 
background image, while the second fixed slot is used for the first image (Le., first triangle), if 
any, that intersects the given pixel. For example, on a frame displaying a sky and other images 
in the sky (e.g., birds), the first fixed slot is utilized to store data relating to the sky, while the 
second fixed slot is utilized to store data relating to a triangle, if any, that intersects the given 
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pixel. If a non-background triangle entirely covers the given pixel, however, then the coverage 
mask 506 for the first fixed slot thus is set to "0", which consequently nullifies the attribute 
contribution of any data in the first fixed slot. 

In preferred embodiments, a single sample location 302 cannot have more than one 
triangle intersecting it. Accordingly, if more than one triangle are determined to intersect a single 
sample location, it must be determined which triangle is "in front" (discussed above) at such 
sample location. Once determined, the coverage mask 506 for triangles not in front are set to "0" 
for that sample location. This leaves the coverage mask 506 for the one triangle determined to be 
in front with a "1" in such sample location. This process is referred to herein as "adjusting" the 
coverage masks 506. 

Figure 10 shows a preferred process of adjusting the coverage mask 506 in a given data 
slot as such slot is filled with data for a given pixel. The process begins at step 1000 in which it 
is determined if the triangle of the given slot covers any sample locations 302 that are covered by 
other triangles intersecting the given pixel. To that end, the coverage masks 506 of each data slot 
for the given pixel are compared. If, for the given pixel, no more than one bit is set for 
corresponding bits in all coverage masks 506, then the process continues to step 1002 in which 
the coverage mask 506 is not adjusted, thus ending the process. A bit is considered to 
"correspond" with a bit of another coverage mask 506 when it is in the same location as the other 
bit. For example, bit two in a first coverage mask 506 corresponds with bit two in all other 
coverage masks 506 for the given pixel. Conversely, bit two does not correspond with bits zero, 
one, or three through fifteen of other coverage masks 506. 

If, however, more than one bit is set for corresponding bits in all coverage masks 506, 
then the process continues to step 1004 in which the depth values for each such set corresponding 
sample locations 302 are compared. For example, a bit two and three of both a first and second 
coverage mask 506 (for first and second triangles) may be set to "1"." Accordingly, it is 
determined which triangle has a higher depth value (/.e., which triangle is in front) at each 
corresponding set sample location. In the immediately preceding example, it is determined 
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which triangle is in front at sample location two, and which triangle is in front at sample location 
three. To that end, the gradient values and Z center values are utilized in a conventional manner 
to calculate the actual depth value at the specific sample locations 302. As known by those 
skilled in the art, one triangle can be in front of another at one sample location, and yet be behind 
the same triangle at another sample location. 

Once it is determined which triangle is in front at the corresponding set sample locations 
302, then the process continues to step 1006 in which the sample location 302 in the coverage 
mask 506 for the triangle determined to be in front is set to a "1" value. The other corresponding 
sample locations 302 in other coverage masks 506 thus all are set to a "0" value. Accordingly, 
the cumulative total number of bits set to "1" in all coverage masks 506 cannot be greater than 
the total number of sample locations 302 for the pixel. For example, no more than sixteen total 
coverage mask bits can be set for all triangles when a pixel has sixteen sample locations 302. 

Another example of the process shown in figure 10 includes three slots having the 
following coverage masks 506 for bits zero to fifteen (bit fifteen being to the far left, and bit zero 
being to the far right): 

0000 0000 0000 0001 (coverage mask 506 of slot one) 
1100 1111 1111 1101 (coverage mask 506 of slot two) 
0000 0001 0000 0001 (coverage mask 506 of slot three) 

Accordingly, during step 1000, it is determined that slots one, two, and three have a 
common sample location 302 at sample location zero, and slots two and three have a common 
sample location 302 at sample location nine. The Z values thus are compared for each common 
sample location 302 at step 1004. For simplicity, assume that after comparing depth values, slot 
two is in front of the other two slots at sample location zero, while slot three is in front of slot 
two at sample location nine. Accordingly, the coverage masks 506 are adjusted as follows: 
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0000 0000 0000 0000 (adjusted coverage mask 506 of slot one) 
1100 1110 1111 1101 (adjusted coverage mask 506 of slot two) 
0000 0001 0000 0000 (adjusted coverage mask 506 of slot three) 

These adjusted coverage masks 506 thus are added to their respective slots for processing. 
As noted above, the weighted attribute averages will then be calculated based upon these 
coverage masks 506. 

As noted above, if all slot pairs 500 in the free memory list 602 are used, preferred 
embodiments reduce the number of sample locations 302, which often reduces the total number 
of triangles that intersect a given pixel. This process of reducing the total number of sample 
locations 302 is referred to herein as a "back-off process." Consequently, each slot pair 500 
utilizes its back-off field 528 to indicate if the data within its slot pair 500 has executed this 
back-off process to store triangle data. 

The back-off function takes advantage of the fact that no more triangles than the total 
number of sample locations 302 on a pixel can be represented (in the defined manner) as 
intersecting such pixel. For example, if a given pixel has sixteen sample locations 302, then no 
more than sixteen triangles can be represented as intersecting it. Accordingly, if the total number 
of sample locations 302 is reduced to eight, then no more than eight triangles can intersect it. 
Since the maximum number of triangles that intersects a pixel is reduced linearly as the total 
number of sample locations 302 decreases, then fewer data slots are required, in many instances, 
to represent such pixel. 

As suggested above, however, merely reducing the total number of sample locations 302 
does not necessarily reduce the total number of triangles intersecting a pixel. For example, a 
given pixel with sixteen sample locations 302 may have three triangles that intersect it at three 
given sample locations 302. If the total number of sample locations 302 is reduced to eight, and 
die three given sample locations 302 are among the eight remaining sample locations 302, then 
data for such three triangles still must be saved. If, however, the total number of sample 
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locations 302 is reduced to two, then at least one of the triangles by definition cannot intersect 
the pixel. For example, if first, second, and third triangles intersect a given pixel at respective 
first, second, and third sample locations 302, and the total number of sample locations 302 is 
reduced to the first and second sample locations 302, then the third triangle no longer intersects 
the pixel. Data for the third triangle thus is not saved in a data slot, consequently saving 
memory. In a similar manner, if, in the immediately preceding example, each of the first through 
third sample locations 302 are all removed, then none of the triangles intersects the given pixel. 
Of course, in preferred embodiments, this results in a savings of only one data slot since the slot 
pair 500 in fixed memory 600 still is allocated for the given pixel. 

Figure 1 1 shows a preferred process of initiating the back-off function for a given pixel. 
As noted above, the back-off functioa preferably is utilized by a pixel that requests a slot pair 500 
from the free memory list 602 when the free memory list 602 has no available slot pairs 500. 
The process begins at step 1 100 in which it is determined if the slot pair 500 in fixed memory 
600 assigned to the given pixel is available for adding triangle data. If available, then the process 
continues to step 11 02 in which the such fixed memory slot pair 500 is utilized to store triangle 
data. 

Conversely, if it is determined at step 1 100 that such fixed memory slot pair 500 is not 
available, then the process continues to step 1 104 in which the next slot in free memory is 
requested. To that end, the top pointer 610 is located to determine if such pointer is pointing to a 
slot pair 500, or to the null value 612 (step 1 106). If determined to not point to the null value 
612 {Le. , the top of list pointer points to an available slot pair 500), then the process continues to 
step 1 108 in which such available slot pair 500 is retrieved and utilized to store triangle 
information for the given pixel. Pointers then are adjusted as described above with reference to 
figures 6A-6C. If it is determined at step 1 106 that the top of list pointer in fact is pointing to the 
null value 612, then the process continues to step 1 1 10 in which the back-off function is initiated, 
thus ending the process. 

Figure 12 shows a preferred process of executing the back-off function (Le,, step 1 1 10). 
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The process begins at step 1200 in which it is determined that the back-off function is to be 
executed. The process then continues to step 1202 in which the number of sample locations 302 
is reduced. In preferred embodiments, the total number of sample locations 302 is reduced in 
half from the current total. For example, if the total number of sample locations 302 currently is 
sixteen, then such sample locations 302 are reduced to eight. When reducing the sample 
locations 302 in this manner, every other existing sample location 302 may be removed. For 
example, when reducing from sixteen to eight sample locations 302, every odd sample location 
302 (e.g., 1, 3, 5 . . 15) may be removed. 

The process then continues to step 1204 in which it is determined if more memory is 
required {i.e. , it is determined if a slot has not become available). Specifically, in preferred 
embodiments, it is determined if the reduction in sample locations 302 removed any triangles 
from those intersecting the given pixel. If any triangles are removed, then their free list slot(s) 
may be used to store new triangle data. In some cases, the reduction in sample locations 302 can 
remove the actual triangle that the given pixel currently is attempting to store. In such cases, the 
process ends. It thus is determined at step 1204 if the current triangle still intersects the given 
pixel and, if it does, if any slots have become available as a result of the reduction in sample 
locations 302. By way of example, if the given pixel had sixteen sample locations 302 with nine 
intercepting triangles, then at least one triangle (and possibly more) necessarily would no longer 
intersect the given pixel if eight sample locations 302 have been eliminated. If no slots have 
become available and the current triangle still intersects the given pixel, then the process loops 
back to step 1202 in which the total number of sample locations 302 again is reduced. In 
preferred embodiments, this process continues, as necessary, until two sample locations 302 
remain. Of course, since no more than two triangles can intersect the pixel when it has only two 
sample locations 302, such pixel can store such triangle data in its fixed slot pair 500 and thus, 
does not require slot pairs 500 from the free memory list 602. In some embodiments, if, after 
reducing the sample locations 302, all intercepting triangles can be stored without use of the free 
list slot pairs 500, then the process ends. 
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Returning to step 1204, if it is determined that no more memory is required (i.e., a new 
slot has become available) and the current triangle still intersects at least one of the remaining 
sample locations 302, then the process continues to step 1206 in which the newly available slot is 
retrieved. Once retrieved, the current triangle data is stored in such slot. As suggested above, no 
additional memory may be required if the current triangle does not intersect any of the remaining 
sample locations 302. In such case, the process ends without retrieving any slots (even if some 
are available) and the next pixel can attempt to retrieve slots from the free memory list 602. 

The process then continues to step 1208 in which the bits in the back-off field 528 in the 
slot pair 500 are set to indicate the total number of sample locations 302 that were utilized to 
determine if the triangle(s) in such slot pair 500 intersected the given pixel. In preferred 
embodiments, the following bit patterns are utilized to identify the total number of sample 
locations 302: 

00 -- sixteen sample locations 302 (Le,, no back-off process used); 

01 - eight sample locations 302; 

10 " four sample locations 302; and 

11 - two sample locations 302. 

When utilizing back-off process, preferred embodiments of the coverage mask 506 still 
have sixteen bits. Only those intersected sample locations 302 that still are active, however, are 
set to "1.". For example, if every odd sample location 302 is removed, then their respective bits 
in the coverage mask 506 are all set to "0." As a further example, if only two sample locations 
302 remain, then no more than two of the bits in the coverage mask 506 can be set to "1." 
Accordingly, when data is read from a slot pair 500, the coverage mask 506 first is examined to 
determine if such slot pair 500 has utilized the back-off process. Data then is read from the 
coverage mask 506 based upon the value in the back-off field 528. 

Alternative embodiments of the invention may be implemented as a computer program 
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product for use with a computer system. Such implementation may include a series of computer 
instructions fixed either on a tangible medium, such as a computer readable media (e,g,, a 
diskette, CD-ROM, ROM, or fixed disk), or transmittable to a computer system via a modem or 
other interface device, such as a communications adapter connected to a network over a medium. 
The medium may be either a tangible medium (e.g., optical or analog communications lines) or a 
medium implemented with wireless techniques (e.g., microwave, infrared or other transmission 
techniques). The series of computer instructions embodies all or part of the functionality 
previously described herein with respect to the system. Those skilled in the art should appreciate 
that such computer instructions can be written in a number of programming languages for use 
with many computer architectures or operating systems. Furthermore, such instructions may be 
stored in any memory device, such as semiconductor, magnetic, optical or other memory devices, 
and may be transmitted using any communications technology, such as optical, infrared, 
microwave, or other transmission technologies. It is expected that such a computer program 
product may be distributed as a removable media with accompanying printed or electronic 
documentation (e.g., shrink wrapped software), preloaded with a computer system (e.g., on 
system ROM or fixed disk), or distributed from a server or electronic bulletin board over the 
network (e.g., the Internet or World Wide Web). 

Although various exemplary embodiments of the invention have been disclosed, it should 
be apparent to those skilled in the art that various changes and modifications can be made which 
will achieve some of the advantages of the invention without departing from the true scope of the 
invention. These and other obvious modifications are intended to be covered by the appended 
claims. 

Having thus described the invention, what we desire to claim and secure by Letters Patent 

is: 



